Abstract: In the framework of the international project EMERGE, species composition of epilithic diatoms of 34 selected high mountain lakes of Slovak part of the Tatra Mountains were investigated. In all, 127 taxa of diatoms belonging to 26 genera were recorded. Comparison of the epilithic assemblages of the investigated lakes showed differences both in relative abundance and taxa present in the individual lakes. On the basis of species composition and relative abundance of epilithic diatoms using hierarchical cluster analysis, two main groups of lakes were created. The first group includes 4 lakes which can be classified as strongly acidified and 9 lakes which are acidified or threatened by acidification. In this group, acidophilous species such as Achnanthes helvetica, A. marginulata, Aulacoseira distans and Tabellaria flocculosa prevailed. The second group includes 19 non-acidified lakes. The most common diatoms in these lakes were Achnanthes minutissima, A. helvetica, Cymbella minuta and Denticula tenuis which occur practically in all these lakes but with different abundances. The division of lakes due to their diatom species composition mostly confirmed the status of these lakes as judged from their water chemistry.
Introduction
High mountain lakes are considered to be excellent indicators of environmental changes. Despite their remoteness and negligible direct human impact in catchments, they are threatened by acid deposition, toxic air pollutants and by climate change (Wathne et al., 1995) . Epilithic diatoms are an important (e.g., in terms of biomass), perennial and sensitive component of remote lake ecosystems (Wathne et al., 1997) . The epilithic habitat is generally dominant for diatoms, so in alpine lakes it is considered the most appropriate for the determination and comparison of the composition of living diatom communities. The analysis of epilithic diatom communities complements other biological (e.g., fish. invertebrate and zooplankton) and chemical analyses.
In the framework of the EU project EMERGE (European Mountain lake Ecosystems: Regionalization, diaGnostics & Socio-economic Evaluation), investigations of species composition of epilithic and sediment diatom assemblages of high mountain lakes were also carried out. For these investigations alpine lakes situated above forest line throughout Europe were chosen. From the territory of the Tatra Mountains (Mts) a total of 47 lakes, from the Slovak part 34 lakes and from the Polish part 13 lakes, were selected.
Diatom investigations of the lakes in Europe have been focused mainly on paleolimnological studies of diatoms from sediment cores. The study of littoral diatoms became more common only recently. Epilithic algal communities and their relationship to environmental variables of the English Lake district in England were addressed by King et al. (2000) . The issue of biodiversity of epilithic communities in oligotrophic lakes in Italy was studied by Tolotti (2001a, b) . Epilithic diatoms from the Polish part of the High Tatra Mts were evaluated in the paper of Kawecka & Galas (2003) .
Long-time hydrobiological studies of the lakes in the Tatra Mts started more intensely beginning in the 1960s (Štefková & Šporka, 2001) . The area of Tatra National Park (TANAP) is one of the best explored areas from the algological point of view (Hindák, 1994) . However, papers concerning the algae of these lakes were mostly oriented to phytoplankton studies (e.g., Juriš & Kováčik, 1987; Lukavský, 1994; Stuchlíková et al., 1985; Stuchlík et al., 1993; Dargocká et al., 1997; Fott et al., 1999) . Diatom investigations were far less common. Some of the first papers dealing also with diatoms from the Tatra lakes (Polish and Slovak part) were by Woloszynska (1934), Bílý (1941) and Bílý & Marvan (1959) . Houk (1989) studied centric diatoms from 52 lakes. In the framework of international projects (AL:PE2, MOLAR) in the 1990s, paleolimnological research of high mountain lakes of Tatra Mts started as well. Cameron et al. (1999) , as S102 E. Štefková part of investigations on diatoms from sediment cores of several remote European mountain lakes, also investigated Nižné Terianske pleso. Subfossil diatoms from a sediment core of Nižné Terianske pleso were studied by Štefková (1994, 2001, 2003) , and epilithic diatoms from Starolesnianske pleso and Nižné Terianske pleso were investigated by Jones (in Wathne et al., 1997) and Štefková (2001) . Paleolimnological analysis of sediments from Nižné Terianske pleso including also diatoms were carried out by Šporka et al. (2002) . In this contribution, the investigation of epilithic diatom communities from 34 high mountain lakes from the Tatra Mts (Slovakia) is described. The main goal was to study species composition of epilithic diatom assemblages and to classify the lakes according to their species composition and relative abundance of diatoms.
Material and methods

Study area
The Tatra Mts are the highest mountains of Slovakia (C Europe), which are about 60 km long and 17 km wide and are the only mountains of alpine character in Slovakia. The Tatra Mts consist of three mountain ranges. There are lakes only in the west and central part of the Tatra Mts; the eastern part is lakeless. The whole area is geologically sensitive to acidification. The bedrock of the Tatra Mts (including the Polish part of Tatra Mts) is composed almost exclusively of granitoids (GOREK & KAHAN, 1973) . In the Slovak granitic part of the mountains there are about 120 lakes of glacial origin, and these are mostly situated in the alpine zone (1800-2200 m a.s.l.). Detailed hydrology of the Tatra lakes was published by GREGOR & PACL (2005) . Chemical composition of water of the Tatra lakes was studied by e.g., KOPÁČEK & STUCHLÍK (1994) , KOPÁČEK et al. (2004 KOPÁČEK et al. ( , 2006 and STUCHLÍK et al. (2006) .
For the purpose of this research, 34 lakes situated at different sea levels (1549-2145 m a.s.l.) were selected. Selected morphological, chemical and biological parameters of the investigated lakes are given in Tab. 1. Within the same framework of research, physical and chemical parameters as well as macrozoobenthos, zooplankton and phytoplankton of the lakes were studied. These results were published e.g., by KOPÁČEK et al. (2006) , KRNO et al. (2006) 
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Sampling Epilithic diatoms were sampled once in September 2000 from the littoral zone of 34 high mountain lakes. The epilithon was scraped from the entire upper part of 4-5 randomly chosen stones with the toothbrush. The samples were than washed into plastic bottles and preserved with formalin (at a final concentration of 4%).
Laboratory and data analysis Permanent slides were prepared following standard methods (BATTARBEE, 1986) using hydrogen peroxide as an oxidant of the organic matter included in the samples. Cleaned diatom frustules were embedded in a high refractive index medium Naphrax (RI = 1.7). Diatoms were identified using a LEICA DMLB microscope under oil immersion at a magnification of 1000 ×. For quantitative analysis of diatoms, a minimum of 300 valves per sample were counted. Identification and nomenclature of diatoms followed primarily the literature of KRAMMER & LANGE-BERTALOT (1986, 1988, 1991a, b) . Permanent slides of the epilithic diatom communities are available at the Department of Hydrobiology, Institute of Zoology SAS.
The program PC ORD version 4.25 (MCCUNE & MEF-FORD, 1999) was used for classification of lakes based on species composition of epilithic diatoms and their relative abundance (hierarchical cluster analysis -relative Euclidean distance and Ward's linkage method). Diversity index according to Shannon & Weaver and species richness index according to Margalef were calculated using the Spdivers package (LUDWIG & REYNOLDS, 1988) .
Results and discussion
Altogether, 127 diatom taxa belonging to 26 genera were recorded in the 34 lakes (Tab. 2). The most species rich genera were Cymbella C. Agardh (18), Achnanthes Bory (17), Fragilaria Lyngbye (16) and Navicula Bory (15). The other genera were represented with a lower number of species. The most common diatoms in the lakes were Achnanthes minutissima, A. helvetica, A. subatomoides, Cymbella minuta, Denticula tenuis, Fragilaria pinnata, Pinnularia microstauron and Tabellaria flocculosa, which were present in more than 20 lakes, but their abundances varied. A comparison of epilithic assemblages of the investigated lakes showed differences both in species composition in the individual lakes and relative abundance. In general, circumneutral (31%) and alkaliphilous species (29%) prevailed in the lakes, while acidophilous accounted only for 15%. Some nord-alpine and alpine species of diatoms were also identified in the lakes. Several species were found for the first time in the Slovakian region (Hindák & Hindáková, 1998; Hindák & Kováčik, 1993) . From the total of 127 diatom taxa, 40 new diatom species for the territory of the Tatra National Park and 12 for the territory of Slovakia (Tab. 2) were recorded.
The lowest number of diatom species was recorded in strongly acidified lakes, such as Starolesnianske pleso, with only 7 species, while the highest numbers (28-32) were found in the lakes Veľké spišské pleso, Nižné Jamnícke pleso, Dračie pleso, Ľadové pleso, Vyšné Žabie bielovodské pleso and Prostredné spišské pleso.
The Shannon-Wiener Index varied between 0.68 and 2.88 (Tab. 1). The highest species diversities (H ) were found in Batizovské pleso and Ľadové pleso, the lowest in Starolesnianske pleso. The Margalef index of species richness reach the highest values in Veľké spišské pleso, Nižné Jamnícke pleso and Batizovské pleso (Tab. 1). Several diatom taxa (35) were found in only one of 34 lakes investigated (Tab. 2), while on the other hand some diatoms were rather common (e.g., Achnanthes minutissima in 32 lakes, Achnanthes helvetica and Cymbella minuta in 31 lakes and Achnanthes subatomoides and Fragilaria pinnata in 25 lakes).
Relative abundance of individual species differed mainly in relation to the level of acidification of the lakes. From the total number of taxa, 30 taxa were found with abundance greater than 5% in one sample (Fig. 1) ; from this, 14 were in abundance greater than 10% and 5 greater than 50%. The highest relative abundance was found in Starolesnianske pleso, where the acidophilous species Tabellaria flocculosa (84%) prevailed.
On the basis of the hierarchical cluster analysis using species composition and abundance data of epilithic diatoms, a dendrogram was created (Fig. 2) to group the lakes into homogeneous groups. Because of we did not have a sufficient number of valves in the samples from two lakes -Vyšné Wahlenbergovo pleso and Batizovské pleso, these were excluded from the set of lakes in the cluster analysis. The dendrogram shows two main lake groups (1 and 2), each one divided into two subgroups of lakes. Grouping the lakes due to their diatom species composition and relative abundance mostly confirmed the status of the lakes as judged from their water chemistry (Kopáček & Stuchlík, 1994; Kopáček et al., 2004 Stuchlík et al., 2006) .
The first group is formed from two subgroups A and B. Subgroup A includes nine lakes with pH 5.8-6.6 with dominance of acidophilous diatoms Achnanthes helvetica and A. marginulata. The area of the lakes is between 0.4-2.9 ha with depths from 2.4-17.5 m. These lakes are considered to be sensitive to acidification from a chemical point of view. The total number of species occurring in these lakes was 87.
Subgroup B includes four lakes with pH 4.9-5.3 which are considered to be strongly acidified, characterized by the predominating acidophilous diatoms Achnanthes helvetica, A. marginulata, Aulacoseira distans, Tabellaria flocculosa and more species belonging to the genus Eunotia. These lakes are very small; their area is under 1 ha with depths from 2.5-4.3 m. In this group only 30 species were recorded, most of them acidophilous.
The second group includes nineteen lakes with pH higher than 6.6. Subgroup C includes four lakes with pH 6.9-7.3, subgroup D fifteen lakes with pH 6.6-7.3. With the exception of three lakes, all these lakes are deeper S104 E. Štefková Key: SK -species found for the first time in the territory of Slovakia (•); HT -species found for the first time in the territory of the High Tatra Mts ( * ); Lakes -number of lakes where the species was found.
Diatoms in mountain lakes S105 Fig. 1 . Dominant diatom taxa with relative abundance greater than 5% in at least one lake. Explanatory text (abbreviations) of lakes: Satanie = Vyšné Satanie pliesko; VysneTeri = Vyšné Terianske pleso; Slavkovske = Slavkovské pleso; Staroles = Starolesnianske pleso; ProstSive = Prostredné sivé pleso; ProstSpis = Prostredné spišské pleso; Okruhle = Okrúhle pleso; VelSpissk = Veľké spišské pleso; VysWahlen = Vyšné Wahlenbergovo pleso; Capie = Capie pleso; Batizovske = Batizovské pleso; HorRohac = Štvrté Roháčske pleso; VelZabie = Veľké Žabie pleso; VysFurkot = Vyšné Furkotské pleso; ZelJavor = Zelené javorové pleso; VysZaBie = Vyšné Žabie bielovodské pleso; Ladove = Ľadové pleso; MaZaJavo = Malé Žabie javorové pleso; ZelKrivan = Zelené krivánske pleso; NizTeri = Nižné Terianske pleso; ProstZboj = Prostredné zbojnícke pleso; VelHinco = Veľké Hincovo pleso; VysZboj = Vyšné zbojnícke pleso; Litvorove = Litvorové pleso; Puste = Pusté pleso; Dracie = Dračie pleso; ZabJavor = Žabie javorové pleso; CierKezm = Čierne kežmarské pleso; VelRacko = Vyšné Račkove pleso; NizJamni = Nižné Jamnické pleso; VysTemnos = Vyšné Temnosmrečinské pleso; NizTemnos =Nižné Temnosmrečinské pleso; MalHinco = Malé Hincovo pleso; VelBystr = Veľké Bystré pleso than 6 m (max. depth 54 m Veľké Hincovo pleso). The lake areas vary between 1.1 ha and 20.1 ha. All these lakes are non-acidified, with predominating circumneutral species such as Achnanthes minutissima, Cymbella minuta, Denticula tenuis and Navicula gallica var. perpusilla. Species composition of these lakes was richer in comparison with the lakes with lower pH: 105 species were recorded, most of them circumneutral and alkaliphilous. In subgroup C alkaliphilous Denticula tenuis had the highest relative abundance. In subgroup D Achnanthes minutissisma predominated, whose relative abundance reached values greater than 50% in 5 lakes. Species diversity of diatoms of surveyed lakes was different. For the group of the acidified lakes a low number of species was typical, with high relative abundance of individual acidophilous species. The highest proportion was formed by Tabellaria flocculosa in the acidified lakes Starolesnianske pleso (84%), Vyšné Terianske pleso (46%) and Vyšné Satanie pliesko (21%), while in Slavkovské pleso this diatom was not present. On the other hand, Aulacoseira distans was the most numerous in Slavkovské pleso (52%) and Vyšné Satanie pliesko (29%), while Achnanthes helvetica and A. marginulata were present from 7 to 27% in these lakes. These last mentioned species were more numerous in the lakes sensitive to acidification, e.g. in the lake Okrúhle pleso A. marginulata reached an abundance of 71% of the whole diatom assemblage and A. helvetica formed 63% in Veľké Žabie pleso.
In the group of non-acidified lakes the main part of the assemblages was made up of circumneutral species of diatoms. Furthermore, acidophilous species were present, although at very low percentages. From circumneutral species, Achnanthes minutissisma was the most numerous, present in all of these lakes. Its relative abundance reached values higher than 10% with the exception of Pusté pleso (6%). The highest values of total diatom abundance of A. minutissima were found in Litvorové pleso (76%), Nižné Terianske pleso (72%), Veľké Hincovo pleso (64%), Nižné Temnosmrečinské pleso (56%) and Vyšné zbojnícke pleso (51%). Cymbella minuta was also present in all of the nonacidified group of lakes, but their abundance varied from 1 to 37% of total abundance. This species was most frequent in Malé Žabie javorové pleso (37%) and Dračie pleso (28%). The next most numerous species was Denticula tenuis, whose abundance reached 50% of the total in Pusté pleso, 33% in Vyšné Temnosmrečinské pleso, 26% in Vyšné Jamnícke pleso and 25% in Malé Hincovo pleso. In all these lakes Achnanthes flexella was recorded, but values of frequency were not higher than 6%. In most lakes the species Achnanthes helvetica, Fragilaria capucina and F. pinnata were also present, but their frequency was not higher than 10%. Naturally, some acidophilous species were also a component of diatom assemblages, such as Achnanthes subatomoides and Tabellaria flocculosa which were found in more than 80% of non-acidified lakes but mostly with relative abundances not exceeding 10%. In just two lakes T. flocculosa reached a higher relative abundance, namely in Veľké Hincovo pleso (17%) and in Vyšné zbojnícke pleso (12%). Due to sampling only the epilithon of the lakes in September 2000, the number of diatom taxa was probably underestimated with respect to the real number of taxa present in each lake. In the period without ice cover in 1993, Jones recorded 36 species of epilithic diatoms in Starolesnianske pleso in the frame of project AL:PE2 (Wathne et al., 1997) , while Štef-ková (2001) determined 43 diatom taxa in the same lake during an investigation of epilithic diatoms in the years 1996-1997. Both authors recorded the same dominant species. Likewise, in the lake Nižné Terianske pleso only 19 taxa were determined in this study while Štef-ková (2001) found 56 species from 7 samples in the years 1996-1997.
Comparing the results from Slovak part of Tatra lakes with the Polish part confirmed that the species composition of epilithic diatoms in these lakes is similar. In the deep high mountain lakes not showing any acidification, Kawecka & Galas (2003) observed also the predominance of a circumneutral group of diatoms Diatoms in mountain lakes S107 with numerous Achnanthes minutissima. Shallow lakes showing a moderate level of acidification had a prevalence of acidophilous species with Achnanthes marginulata as the dominant species. Tolotti (2001a, b) recorded the dominance of Achnanthes minutissima in 17 high mountain lakes in Italy with high pH, while other Achnanthes species in lakes at lower levels of pH and alkalinity. Different species compositions of the littoral diatom communities can be largely explained by differences in pH and the mineralization level of the lakes.
Conclusions
In all, 127 diatom taxa from the epilithon of the selected high mountain lakes were identified. The lakes were classified on the basis of hierarchical cluster analysis. In acidified lakes and in lakes sensitive to acidification, acidophilous species (such as Achnanthes helvetica, A. marginulata, Aulacoseira distans and Tabellaria flocculosa) predominated. In the group of non-acidified lakes, circumneutral and alkaliphilous species of diatoms prevailed (such as Achnanthes minutissima -as the dominant species, Cymbella minuta, Denticula tenuis and Navicula gallica var. perpusilla). These diatom investigations support the sensitivity of the lakes to possible acid input.
